Abstract The autoinducer-2 signal (AI-2) produced by several Gram-positive and Gramnegative bacteria mediates interspecies communication. In this study we were able to identify an orthologue of luxS, required for the synthesis of AI-2 signals, in Streptococcus anginosus. Comparative analyses revealed conserved sequences in the predicted S. anginosus LuxS. Expression of luxS was highest during early exponential growth phase. Compared to other oral streptococci, conditioned media from growth of members of the anginosus group were the most efficient in inducing bioluminescence in Vibrio harveyi, indicative of AI-2 signalling. Disruption of luxS in S. anginosus resulted in a mutant deficient in biofilm formation, whereas no effect on planktonic growth rate was observed under various growth conditions. S. anginosus is part of the human flora found in biofilms of the oral cavity, as well as of the upper respiratory, gastrointestinal and urogenital tracts. Such habitats harbour large varieties of bacterial species, among which cell-cell communication may play an important role. S. anginosus has also been associated with purulent infections and cancer in the upper digestive tract. Knowledge about the molecular mechanisms involved in S. anginosus communication is important for understanding its commensalism and its pathogenic transition.
also commensals of the human upper respiratory, gastrointestinal and urogenital tracts. However, they may undergo pathogenic transition and may be associated with purulent infections in the brain, liver, lungs and spleen (Piscitelli et al. 1992; Whiley et al. 1992) . Recent studies report a close association between S. anginosus infection and cancer in the upper digestive tract (Sasaki et al. 2005; Shiga et al. 2001; Tateda et al. 2000) . The ability of S. anginosus to colonize such a variety of habitats suggests that regulation of gene expression may be important for commensalism and pathogenic transition. Despite their acknowledged clinical importance, limited information exists on the molecular mechanisms involved in colonization and virulence of the anginosus group.
Among the anginosus group, inter-species communication may occur via a specific competence factor signal peptide common to S. anginosus, S. constellatus and S. intermedius (Hå varstein et al. 1997) . This communication system is associated with the ability of streptococci to form biofilms and to take up DNA from the environment (Petersen et al. 2004; Suntharalingam and Cvitkovitch, 2005) . The autoinducer-2 (AI-2) quorum-sensing system was first found to participate in bioluminescence regulation in Vibrio harveyi (Surette et al. 1999) . The signal in this system is AI-2, a furanosyl borate diester synthesized by the product of the luxS gene (Chen et al. 2002) . The luxS gene is present in the genomes of over 55 bacterial species and is well conserved (Vendeville et al. 2005) . Conditioned culture medium from many Gram-positive and Gram-negative bacteria may complement a luxS defect in V. harveyi, indicating that AI-2 serves as a universal interspecies bacterial signal. In addition to its role in bioluminescence, AI-2 may be involved in regulation of various genes related to the pathogenic capabilities of several bacteria, including proteolytic and haemolytic activities, iron acquisition, antibiotic production, carbohydrate metabolism and biofilm formation (Xavier and Bassler 2003; Vendeville et al. 2005) . Biofilms may be the predominant mode of growth for most bacteria. Biofilms cause several persistent and chronic bacterial infections (Hall-Stoodley et al. 2004) . These microbial communities, composed of single or multiple bacterial species, show higher resistance to antimicrobials than free floating planktonic cells (Mah and O'Toole 2001) . Understanding the association between biofilm and quorum-sensing might lead to the development of novel strategies to fight infections (Rice et al. 2005) .
Conditioned culture medium of S. anginosus was recently shown to complement a Streptococcus mutans luxS defect in biofilm formation, suggesting that luxS may be present in S. anginosus (Yoshida et al. 2005) . There is, however, still an information gap as to the role of AI-2 communication among oral streptococci, the most prevalent of oral inhabitants. The first aim of the present study was to investigate whether conditioned culture media of oral streptococci may complement a luxS defect in V. harveyi. Secondly, the aim was to determine whether a luxS orthologue is present in S. anginosus and to assess the possible involvement of AI-2 signalling in biofilm formation in this organism.
Materials and methods

Bacterial strains and media
The streptococci used and their relevant characteristics are listed in Table 1 . Before use, the streptococcal cells were grown on Todd-Hewitt agar plates (THA, Difco Laboratories, Detroit, Mich.) for 48 h at 37°C in a 5%-CO 2 aerobic atmosphere, unless specified. For selection of antibiotic resistant colonies, THA plates were supplemented with 500 lg kanamycin ml -1 (Sigma-Aldrich, St. Louis, MO). Growth curves were determined in Tryptic Soy Broth (TSB, Difco Laboratories) or in TSB supplemented with additional 25 mmol l -1 glucose or 15 mmol l -1 sucrose. In the biofilm assay, cells were grown in TSB or Brain Heart Infusion (BHI, Difco Laboratories). Escherichia coli cells (One Shot TOP10 chemically competent E. coli; Invitrogen, UK) were grown in Luria-Bertani (LB) medium containing 50 lg kanamycin ml -1 , with aeration at 37°C. V. harveyi BB170 (luxN::Tn5), which is capable of sensing AI-2 but not AI-1 (Bassler et al. 1997; Surette and Bassler, 1998) , was grown at 30°C on heart infusion (HI) agar plates or in autoinducer bioassay (AB) medium (Greenberg et al. 1979) . V. harveyi BB170 was a generous gift from Prof. B. Bassler, Princeton University.
Bioluminescence assay
Culture supernatants were prepared by centrifuging cultures at 8000 · g and passing the medium through a 0:2 lm filter. Streptococci were grown in BHI with NaHCO 3 , final concentration 24 mM, and supernatants were collected at different time intervals. NaHCO 3 was added since it has been shown to increase ability of Streptococcus gordonii to induce bioluminescence (Blehert et al. 2003) . V. harveyi bioluminescence assays were performed essentially as described by Surette and Bassler (Surette and Bassler 1998) . Briefly, V. harveyi strain BB170 was grown at 30°C with aeration for 16 h. The V. harveyi culture was then diluted 1:5000 in fresh AB medium and filtered supernatants from the bacterial cells to be tested were added at a final concentration of 10%. Uninoculated medium was used as negative control. Bioluminescence was measured using a Wallac Victor 1420 multilabel counter in luminescence mode (Wallac Oy, Turku, Finland).
DNA isolation
The streptococcal integration vector pSF151 (Tao et al. 1992) , carrying a kanamycin resistance marker, was isolated from E. coli with the Qiagen Plasmid Maxi kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's recommendations for high-copy-number plasmids. Streptococcal chromosomal DNA was isolated by the modified CTAB method, as previously described (Petersen and Scheie 2000) . LuxS identification and inactivation
The strategy used for the identification and inactivation of S. anginosus luxS is presented in Fig. 1 and was essentially the same as previously reported for inactivation of S. intermedius (Petersen et al. 2001) . The sequences of the oligonucleotides used are listed in Table 2 . The method is based on gene interruption by chromosomal integration of the plasmid pSF151, carrying a sequence homologous to a luxS internal fragment. The integration results in tandem duplication of the homologous fragment bracketing the inserted plasmid, thereby preventing expression of a functional LuxS enzyme. The Kan gene can be expressed in streptococci and confers kanamycin resistance but only when it is integrated into the chromosome, as the plasmid can replicate in E. coli but not in streptococci (Tao et al. 1992 ).
To investigate whether the luxS gene was present in S. anginosus, the luxS sequences in Streptococcus mitis, S. gordonii, Streptococcus pneumoniae and Streptococcus agalactiae were aligned, and conserved regions were used to construct degenerate primers. Amplification with the forward primer AS001 and the degenerate reverse primer AS007 resulted in a product of the expected size (330 bp). The amplicons obtained were sequenced and the primer pair AS011-AS012 containing EcoRI and XbaI restriction sites, respectively, was designed to specifically amplify a 208 bp luxS internal sequence. The PCR-amplified fragment of the luxS gene (targeting insert) and pSF151 were digested with EcoRI and XbaI, and ligated. The ligation mixture (50 ng of pSF151 and 25 ng of the PCR product) was used to transform E. coli. The plasmid construct, named pSA001 was purified with the plasmid maxi kit (Qiagen GmbH, anginosus. An internal sequence of luxS was identified with the primer pairs AS001 and AS007, and formed the basis for the design of the specific primer pair AS011-AS012. The product amplified by AS011 and AS012 was digested with XbaI and EcoRI, ligated to pSF151 and cloned into E. coli. The plasmid construct, named pSA001, was used to inactivate the luxS gene in S. anginosus NCTC 10713. Arbitrary PCR was used to verify the inactivation site in the luxS mutant and to obtain the preliminary sequence of the complete luxS.
The first round of the arbitrary PCR used the primer pairs ARB1-FP034 and FP033-ARB1. This product was used for the second round amplification with primer pairs ARB2-FP039 and FP032-ARB2
Hilden, Germany). The insertion of the luxS amplified fragment in pSF151 was confirmed by gel electrophoresis of EcoRI/XbaI digested plasmid and also by PCR amplification with the primer pair FP039-FP032 and sequencing of the amplified product. The purified pSA001 (final concentration 1:7 lg/ml -1 ) was used to transform S. anginosus NCTC 10713, following the protocol previously described for S. intermedius, except that the cells were incubated aerobically (Petersen et al. 2001) . Briefly, after 1 h growth, synthetic competence-stimulating peptide (CSP) 11325, with amino acid sequence: NH 2 -DSRIRMGFDFSKLFGK-COOH (Hå varstein et al. 1997) , was added to 1 ml of 10-fold-diluted overnight S. anginosus culture to a final concentration of 2 lM. The incubation continued for 3 h before the cells were plated on Todd-Hewitthorse serum agar containing Km (500 lg ml -1 ). Transformants on the selective plates were obtained after 48 h of incubation at 37°C in a 5% CO 2 aerobic atmosphere. The mutant SA001 was selected for further characterization.
The arbitrary PCR strategy (O'Toole et al. 1999 ) was used to verify the site of insertioninactivation and to identify the luxS sequence in S. anginosus (Fig. 1) . The primer pairs FP034-ARB1 and FP033-ARB1 were used in the firstround PCR. FP034 and FP033 were specific for the downstream and upstream regions, respectively, of the inserted pSA001, whereas ARB1 was the arbitrary primer. A second-round PCR was performed with the same conditions as the first round, except that 5 ll of the first-round PCR product was used as DNA template, with the primer pairs FP039-ARB2, and FP032-ARB2. The ARB2 sequence was identical to the 5¢ end of the ARB1 primer. The specific internal primers in the inserted plasmid, FP039 and FP032 were located closer to the junction between the inserted pSA001 and the S. anginosus sequence than the first-round PCR primers (Fig. 1) . Sequencing of the products from the second round PCR confirmed the corrected insertion site of pSA001 (ABI PRISM 3100 Genetic analyser, Applied biosystem, Foster City, CA).
The primer pairs AS024-AS029, and AS022-AS023 were constructed based on the preliminary sequence obtained by the second round arbitrary PCR, and used to amplify and to sequence the entire luxS gene in the S. anginosus wild-type.
RNA isolation and RT-real-time PCR
Total RNA from S. anginosus grown in TSB was extracted at early-, mid-, and late-exponential phases, corresponding to OD 600 0.05, 0.2 and 0.9 respectively. Extraction was performed with the High pure RNA isolation kit (Roche Diagnostics GmbH, Germany) according to the manufacturer's recommendation, except that the cells were incubated at 37°C for 30 min in 100 ll of lysis buffer with 20 mg of lysozyme ml -1 and 100 U of mutanolysin ml -1 . DNaseI was used during the RNA extraction to remove remaining DNA.
Complementary DNA templates were created from 1 lg of RNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche) following the manufacturer's protocol. The primer pair FP126-FP127 was used to investigate luxS expression by real-time PCR. To normalize the data, the primer pair FP124-FP125 was used to amplify a sequence in the housekeeping 16S rRNA gene. Real-time PCR was carried out in the Mx4000
Ò multiplex (Stratagene, La Jolla, Calif., USA) detection system using qPCR Mastermix for SYBR Green I (Eurogentec, Belgium). During each cycle, the accumulation of PCR products was detected by monitoring the increase in fluorescence of the reporter dye from doublestranded-DNA-binding SYBR green. Dissociation curves were run immediately after the last PCR cycle by plotting the fluorescence intensities against temperatures as the set point temperatures (55°C) were increased by 1°C for 30 s (41 cycles). Data were collected and analyzed using the software and graphics program Mx4000 v 4.00 (Stratagene). Standard curves were obtained for both the luxS and 16S rRNA genes. The relative luxS expression was analyzed by the 2 -DDct method, which relies on direct comparison of C T values (Livak and Schmittgen, 2001 ).
Biofilm assay
Cells grown overnight in TSB or BHI were diluted 1:100 in TSB or BHI with carbonate (24 mM NaHCO 3 , final concentration) and 1 ml samples were transferred to wells of polystyrene flat-bottom 24-well microtiter plates as previously described (Petersen et al. 2004 ). This dilution was chosen after preliminary experiments showing that dilutions above 1:100 resulted in less biofilm formation (data not shown). Kanamycin has the potential to interfere with protein expression. Therefore, no antibiotics were used during the biofilm formation assay. The plates were incubated at 37°C in a 5% CO 2 aerobic atmosphere or in anaerobic conditions for 44 h. Fresh media (500 ll) was added to the inoculum after the first 20 h incubation. The biofilms were washed twice with distilled water and suspended in 1 ml fresh medium by scraping the bottom and lateral walls of the wells with a disposable cell scraper adapted to fit into the wells. In separate wells, total growth was measured by collecting the biofilm and planktonic cells together in the 1.5 ml medium used during incubation. The bacterial suspensions were transferred to Eppendorf tubes and vortexed vigorously for 20 s to disperse clumps and cell aggregates. The optical densities of the suspended cells were measured at 600 nm. The absorbance values (OD 600 ) from total growth were normalized to 1 ml to allow direct comparison with the biofilm absorbance values.
The S. anginosus wild type and luxS mutant (SA001) biofilms were examined with Scanning Electron Microscopy (SEM model XL 30 ESEM, Philips, Eindoven, Holland). Biofilms formed on polystyrene disks (Nunc, Copenhagen, Denmark) inserted into the microtiter plates were grown as described previously (Petersen et al. 2004 ). The discs were removed after 44 h incubation, washed with distilled H 2 O and fixed with 2 ml of 2.5% glutaraldehyde in 0.1 M Sørensen phosphate buffer (containing Na 2 HPO 4 AE 2H 2 O and NaH 2-PO 4 AE H 2 O). Dehydrated samples were obtained from a series of ethanol rinses and dried at the critical point with liquid CO 2.
Statistical analysis
One way analysis of variance (ANOVA) followed by the Holm-Sidak method was used for multiple comparisons. The Mann-Whitney Rank Sum Test was used for two-group comparisons. p-values of < 0.05 were considered significant.
Results
AI-2-like activities in oral streptococci
Cell-free supernatants harvested from representative strains from the anginosus, mutans, mitis and salivarius groups collected after 4 h, 6 h, and 24 h growth were screened for AI-2-like activities (Fig. 2) . All strains tested induced bioluminescence in V. harveyi BB170. The highest bioluminescence induction levels were observed in the anginosus group, including S. anginosus, S. intermedius and S. constellatus, grown for 4 h or 6 h. In the mitis and mutans groups, S. mitis CCUG 25611 and S. mutans OMZ 175 showed the highest activity, as observed at 4 h or 6 h. At 24 h, no remarkable difference was observed between these strains.
Identification and inactivation of an internal luxS sequence in S. anginosus Induction of bioluminescence in V. harveyi is consistent with LuxS synthesis of AI-2 in S. anginosus. A search for the luxS gene in S. anginosus with the primer pairs AS001-AS007 resulted in an amplification product internal to luxS, with approximately 80% nucleotide homology with the luxS sequences of S. pneumoniae (AE008411), S. gordonii (AY081773) and S. mutans (AE014893), again consistent with the presence of luxS in S. anginosus. A mutant designated SA001 was chosen for further analysis. Sequences downstream and upstream of the insertion site in SA001 obtained by arbitrary PCR confirmed the site of pSA001 integration in S. anginosus SA001, and provided preliminary data on the entire luxS sequence (Fig. 1) .
Sequence analysis
Specific primers (AS024-AS029, and AS022-AS023) based on the preliminary sequence obtained by arbitrary PCR were constructed to amplify and sequence overlapping regions in luxS.
The assembled data of the entire luxS of S. anginosus was deposited in Genbank (Accession number DQ067600). The deduced S. anginosus LuxS exhibits 88% amino acid identity with the LuxS in S. pneumoniae, 87% amino acid identity with S. mitis LuxS and >80% amino acid identity with various streptococcal LuxS sequences. All the conserved amino acids involved in LuxS enzymatic activity in Bacillus subtilis (Hilgers and Ludwig, 2001; Lewis et al. 2001; Ruzheinikov et al. 2001; Zhu et al. 2003) were present in the S. anginosus sequence. The amplified product obtained with the arbitrary PCR strategy showed also a 25 bp and a 234 bp sequence immediately upstream and downstream of luxS, respectively. A ribosome binding site (AAAGGAG) was present 8 bp upstream of the ATG start codon. In the downstream sequence, neither open reading frames of at least 20 codons long nor orthologues to other bacterial proteins were found in either direction (BLASTX).
Inactivation of S. anginosus luxS results in a mutant deficient in AI-2 activity
To examine the effect of luxS inactivation on AI-2 signalling, filtered supernatants of the wild type and the mutant grown for 2 h, 4 h, and 8 h in BHI supplemented with NaHCO 3 were tested for bioluminescence induction in V. harveyi BB170 (Fig. 3) . At 2 h the bioluminescence values were similar to the negative control for both the wild type and the luxS mutant. Bioluminescence induction was more pronounced at 4 h, with the wild type supernatant exhibiting approximately five times more activity than the luxS mutant (Mann-Whitney Rank Sum test, p < 0.05). At 8 h, the values for the luxS mutant were below the background level.
Growth phase dependence of luxS expression
To test whether inactivation of luxS affected growth, the OD of cells grown in TSB medium or TSB supplemented with glucose or sucrose, was measured at 600 nm at different time points. In all the conditions tested, the wild type and the mutant exhibited similar growth rates (data not shown).
To investigate whether luxS expression was growth phase related, total RNA was extracted from the S. anginosus wild-type cells used for the AI-2 activity assay described above. Maximum expression was observed during the early exponential growth phase (Fig. 3) . The transcript levels were reduced by approximately 55% in the mid-and late-exponential phases, compared to the early exponential phase (Holm-Sidak method, p < 0.05).
Biofilm formation
To investigate whether the S. anginosus luxS is involved in biofilm formation, the wild type and the mutant were first grown in 5% CO 2 aerobic atmosphere in polystyrene wells in BHI supplemented with NaHCO 3 or TSB with or without was measured after 2 h, 4 h, and 8 h growth. The highest AI-2 activity at 4 h was normalized to 1. The luminescence results show the mean values and standard errors of three parallels from two independent experiments. Expression of luxS by the wild type was analyzed using real-time RT-PCR. Data were normalized to the 16S rRNA gene values, and the mean values and standard errors represent changes relative to the expression at 2 h, using the 2 -DDCT method (.). The graphs represent the mean values and standard errors of two independent experiments with three parallels. The growth rate is presented by OD values at 600 nm (dashed line). Because the growth rates of the wild type and the luxS mutant are similar, only the growth of the wild type is shown NaHCO 3 (Table 3 ). The mutant formed only 46%, 37% and 18% as much biofilm as the wild type in TSB with NaHCO 3, BHI with NaHCO 3 , and TSB, respectively (Table 3) . We then investigated biofilm formation in 5% CO 2 aerobic atmosphere or under anaerobic conditions grown in BHI with NaHCO 3 . The wild type and the mutant formed less biofilm under anaerobic conditions than in 5% CO 2 aerobic atmosphere. Under anaerobic conditions the mutant formed 48% less biofilm than the wild type. This difference was not significantly different from that obtained in 5% CO 2 aerobic atmosphere growth (MannWhitney Rank Sum test, p < 0.05). Under all the conditions tested, total growth representing the sum of the biofilm and planktonic phases, was similar for the wild type and the luxS mutant (Table 3) . Representative SEM images of biofilms grown in BHI with NaHCO 3 are shown in Fig. 4 . The S. anginosus wild type formed more biofilm than the luxS mutant (SA001), with possible multi-layers represented by bacterial aggregates.
Discussion
In spite of the prevalence of S. anginosus and its pathogenic potential, information on its pathogenic determinants is limited and molecules possibly involved in biofilm formation have not previously been examined. In this study we have identified, sequenced and inactivated the luxS gene in S. anginosusto assess the possible The results express the median optical density values of resuspended cells measured at 600 nm, from at least four independent experiments with three parallels. The 25 and 75 percentiles are in parenthesis Fig. 4 Scanning electron microscopy of biofilms of S. anginosus wild type and the luxS mutant (SA001) grown in TSB. Scale bar, 200 lm involvement of AI-2 signalling in biofilm formation. Inactivation of luxS was based on gene interruption by integration of the plasmid pSF151 carrying a sequence homologous to a luxS internal fragment. Streptococcal integration plasmids, such as pSF151, have been used successfully for gene inactivation among various streptococcal species (Barletta et al. 1988; Berry et al. 1989; Lee et al. 1998; Morrison et al. 1984) . When carrying a fragment of streptococcal DNA, pSF151 disrupts the respective gene by integration via a Campell-like, single cross-over homologous recombination (Tao et al. 1992) . The predicted LuxS sequence exhibited extensive homology to the LuxS orthologues in other streptococci. Our study indicated that AI-2 production is widespread among oral streptococci but that the level of production varied among the species. Production of an AI-2-like signal was more pronounced in S. anginosus and other members of the anginosus group than in strains from the mutans, mitis, and salivarius groups of streptococci as assessed by bioluminescence induction. Whether this is the case in natural habitats is unknown. It is possible that the experimental conditions were most favourable for production of AI-2 among the anginosus group streptococci or that the reporter V. harveyi responded more efficiently to their signals. Studies from Salmonella enterica serovar Typhimurium and V. harveyi show, for instance, that while the AI-2 signal precursor 4,5-dihydroxy 2,3-pentanedione (DPD) is produced by both bacteria, the precursor is modified to form chemically distinct forms of AI-2 (Miller et al. 2004) . As a consequence, the borated form of the V. harveyi AI-2 is not recognized by S. enterica serovar Typhimurium (Miller et al. 2004) . The chemical structure of most AI-2 signal molecules remains to be determined. It is therefore unknown whether AI-2 molecules of the various streptococci are similar or distinct. The concentration of AI-2 signals in the supernatant may also be affected by the ability to transport the molecule into the cells (see below).
The expression of luxS during growth was higher at the early exponential phase, relative to the 16S rRNA housekeeping gene sequence used to normalize the data, preceding the increase in AI-2 activity at mid-exponential growth phase. The profiles of AI-2 activity and luxS expression during growth are similar in Klebsiella pneumoniae (Balestrino et al. 2005) . However, no correlation between luxS expression and AI-2 has been found in S. enterica (Beeston and Surette, 2002 ). It appears that in S. enterica AI-2 production is regulated by LuxS substrate availability and luxS expression does not vary during growth (Beeston and Surette, 2002) . It is possible therefore that as in K. pneumoniae, AI-2 production in S. anginosus may be regulated at least in part by luxS transcriptional levels.
Induction of bioluminescence by the wild type was higher than by the luxS mutant, particularly in the mid-exponential phase, indicating that luxS is involved in AI-2 synthesis by S. anginosus. AI-2 activity varies during growth and may show differences under different growth conditions. In our study, the three species in the anginosus group, S. anginosus, S. intermedius, and S. constellatus exhibited reduced AI-2 activity in the stationary growth phase. That was also observed for several of the strains in the mitis and mutans groups (Fig. 2) . Other studies show that AI-2 activity is reduced in the late exponential or stationary growth phases (Babb et al. 2005; Forsyth and Cover, 2000; Joyce et al. 2000; Wen and Burne, 2004; Xavier and Bassler, 2005) . The reduction in AI-2 activity in the stationary phase may, however, occur concomitant with steady expression of the AI-2 synthase, LuxS (Xavier and Bassler, 2005) . It is suggested that the reduced activity may be related, at least in part, to increased uptake and processing of AI-2 (Xavier and Bassler, 2005) . It is also possible that the culture fluids of stationary phase cells may be depleted of nutrients or contain metabolic products that may cause an inhibitory effect on the reporter strain response (Babb et al. 2005) .
The location of the inserted plasmid in the S. anginosus mutant should result in expression of a truncated product most probably incapable of AI-2 synthesis. The observation that the luxS mutant induced bioluminescence at a single time point and at lower levels than the wild type, is, however, not unique for S. anginosus. Similar findings have been reported in Streptococcus pyogenes (Lyon et al. 2001) , S. pneumoniae (Stroeher et al. 2003) , S. gordonii (Blehert et al. 2003) , Helicobacter pylori (Forsyth and Cover, 2000) and Porphyromonas gingivalis (Yuan et al. 2005 ). These results suggest a possible alternative pathway of AI-2 synthesis. It has been shown, for instance, that ribulose-5-phosphate present after cell lysis may mediate AI-2 formation (Hamada et al. 2003) .
In S. gordonii and S. mutans, luxS has been implicated in the regulation of carbohydrate metabolism (McNab et al. 2003; Wen and Burne, 2004; Yoshida et al. 2005) . We compared the growth rates of the S. anginosus wild type and the luxS mutant in media with or without addition of glucose or sucrose. Under the conditions used, the S. anginosus wild type and the luxS mutant showed similar planktonic growth rates. Thus we did not find support for a role of the S. anginosus LuxS in regulation of carbohydrate metabolism, at least not to a level that affected planktonic growth in the presence of glucose or sucrose.
The S. anginosus luxS mutant formed less biofilm than the wild type and the SEM images indicated that the wild type biofilm formed more dense aggregates than the luxS mutant. A connection between AI-2 signalling and biofilm formation has also been reported in S. gordonii (Blehert et al. 2003) , S. mutans (Merritt et al. 2003; Wen and Burne, 2004) , S. enterica serovar Typhimurium (Prouty et al. 2002) , K. pneumoniae (Balestrino et al. 2005 ) and H. pylori (Cole et al. 2004) . Biofilm formation may vary according to the environmental conditions. In our study, the reduction in biofilm formation by the luxS mutant was, however, not related to the media used or to whether the cells were grown in 5% CO 2 atmosphere or under anaerobic conditions.
Conclusions
Our studies provide further evidence that oral streptococci produce an AI-2 like molecule that may complement a luxS defect in V. harveyi. Induction of bioluminescence varied with the growth phase. An orthologue of luxS was found and sequenced in S. anginosus. Inactivation of luxS resulted in an isogenic mutant with reduced ability to form biofilms.
The oral cavity and the intestinal tract harbour the largest variety of bacterial species in the human body. S. anginosus grows in mixed species biofilms in the oral cavity and in the intestines (Whiley and Beighton, 1998; Whiley et al. 1992 ). In the gastrointestinal tract, production of AI-2 by pathogens including H. pylori, entheropathogenic E. coli strains, Vibrio cholerae, and S. enterica has been reported, and recently reviewed (Vendeville et al. 2005) . In several of these bacteria, AI-2-like signals are involved in regulating the expression of virulence genes and colonization factors. AI-2 production has also been described in oral pathogens such as P. gingivalis (Burgess et al. 2002; Chung et al. 2001; Frias et al. 2001) and Actinobacillus actinomycetemcomitans (Fong et al. 2001; Fong et al. 2003; Frias et al. 2001) . It is possible therefore, that communication systems may play an important role in the ability of S. anginosus to interact with each other and with other bacteria sharing a similar niche. Elucidating the molecular mechanisms involved in S. anginosus communication is important for understanding of its commensalism and possible pathogenic transition. This knowledge may lead to novel strategies to fight infections.
